Abstract: Under appropriate conditions, molecules move from crystal to crystal. When the molecular movement occurs between crystals of reactant and reagent, solid state reaction would be observed. Some such solid state reactions are described. Mixing of crystals of donor and acceptor in the solid state gave their charge-transfer complex crystal. By combination of enantioselective molecular movement and distillation procedure, enantiomers were separated by fractional distillation in the presence of an optically active host compound. Mixing of powdered crystalline chiral host and achiral guest compound in the solid state gave an inclusion complex crystal in which the latter molecules are arranged in a chiral form. In special case, host-guest inclusion com plex was formed only by the mixing method, and the complex was not formed by recrystallization of both components from solvent.
Introduction
Most organic reactions have been studied in solution. One reason for this might be because of the famous Aristotales's philosophy "No Coopora nisi Fluida" which measns "no reaction occurs in the absence of solvent". This philosophy had a big influence on modern Sciences evolved in Europe. In the ancient period of Aristotales, it was difficult to be aware that many reactions occur in the absence of solvent. Nevertheless, it is very curious that almost.all reactions are still carried out in solution. We found that quite a few rection proceeds in the solid state. In some cases, the solid state reaction occurs more efficiently and more selectively than does solution reaction. Efficient solid state reactions show that molecules of reactant and reagent move in the solid state. In fact, host-guest inclusion complexation occurs by mixing the both crystals in the solid state. Surprisingly, the solid state complexation occurs even selectively. For example, mixing of racemic guest and optically active host in the solid state gives an inclusion complex of one enantiomer of the guest with the host, from which optically active guest is obtained. By a combination of the enantioselective molecular movement in the solid state and distillation procedure, enantiomers of racemic compound were easily separated by fractional distillation in the presence of chiral host compound. The most exciting finding is that a mixing of chiral host and racemic guest in the solid state gave their inclusion comoplex crystal in which the latter molecules are arranged in a chiral form. By photoirradiation of the complex, the chirality of the achiral guest was frozen to give optically active photoreaction product. In some special cases, host-guest inclusion crystal in which achiral guest molecules are arranged in a chiral form was formed only by mixing both crystals in the solid state, although recrystallization of both from solvent did not give any inclusion complex. Some such interesting molecular movements in the solid state are described. 
Organic Solid State Reactions
When a mixture of powdered methyl rn-nitrobenzoate and NaOH was kept at room temperature for 3 h, sodium rn-nitrobenzoate was obtained which upon acidification by dil HCI finally gave rn-nitrobenzoic acid in quantitative yield. The solid state reaction can be followed by IT-IR spectroscopy, and ester absorption peak decreased and finally disappeared, and sodium benzoate absorption increased as the reaction proceeds.
When a 1 :2 inclusion complex (2) of the acetylenic diol host 1 and benzaldehyde was mixed with powdered Wittig-Horner reagent 3, and the mixture was kept at room temperature for 2.5 h, Wittig-Horner reaction product 4 was obtained in quantitative yield. This solid state reaction can also be followed by FT-IR spectroscopy. As the reaction proceeds, C=O absorption peak of benzaldehydre decreased and finally disappeared, and ester and olefin absorption peaks of 4 appeared.
The solid state Wittig-Horner reaction also proceeds enantioselectively. Treatment f 3 of with a 1 :1 inclusion crystal of 4-methylcyclohexanone (5 a) and the chiral host 6 a which had been derived from tartaric acid at 70 "C for 4 h gave (-)-7 a of 42.8% ee in Ph2CH-OH ---HO-CHPh, 
Design of Host Compounds
Nevertheless, molecules in crystal are not always arranged at an appropriate position for solid state reaction. In such cases, some special techniques are necessary in order to arrange molecules in a suitable form for solid state reaction. For this purpose, host-guest technique was used. In a host-guest inclusion complex crystal, arrangement of guest molecule can be controlled by the host molecule used.
Principle of the design of host molecules which have been used in our research group is shown in Fig. 2 . Sterically hindered alcohol molecules can not form hydrogen bond. However, hydrogen bond is formed by an accommodation of a guest molecule. According to this simple i e various kinds of useful host compounds such as 1 and 6 have been synthesized.I'-l' Most of them are achiral but some are chiral. Fig. 2 . Principle of the design of host molecule
Molecular Movement
It has been disclosed that host-guest inclusion complexation can be achieved by mixing powdered crystalline host and guest compound with using mortar and pestle. 20 Recently we found that this inclusion complexation method is applicable to a preparation of charge-transfer complex in the solid state. Since molecular movement in the solid state occurs even enenantioselectively, a combination of the enantioselective molecular movement and distillation procedure can establish a new separation method of enantiomers by fractional distillation. We further found that achiral guest molecules are forced to be arranged in a chiral form in the inclusion crystal formed by mixing with chiral host in the solid state. By combination of the complexation of achiral guest and chiral host in the solid state with photoirradiation, a new simple procedure of enantioselective photoreactions in the solid state was developed.
Charge-Transfer Complex Formation in the Solid State
When a mixture of yellow crystals of tetracyanoquinodimethane (1 2a) (0.204 g, 1 mmol) and organge crystals of tetrathiafulvalene (1 3) (0.204 g, 1 mmol) was ground occasionally for 1 h by using an agate mortar and pestle, the charge-transfer (CT) complex of 12a-13 was formed as a black crystalline powder.*' The IR spectrum of the complex was identical to that of an authentic sample prepared by recrystallization of the both components from MeCN. The electric conductivity measured at room temperature for the complex 0 70 S cm-l, is comparable to that reported for the authentic sample, 21 S cm-.
was formed s dark green crystals and its electric conductivity at room temperature, 0.024 S cm-IS comparable to that of the authentic sample prepared by recrystallization procedure, 1 
Separation of Enantiomers by Fractional Distillation
Heating of a mixture of powdered 6c (1.41 g, 1.79 mmol) and rac-pmethyphenethyl amine (1 6) (0.75 g, 5.58 mmol) at 70 "(212 mmHg in a Kugerohr apparatus gave (+)-1 6 of 98% ee (0.38 g, 102 YO yield) by distillation. Further heating at 150 "C/2 mmHg gave (-)-1 6 of 100% ee (0.37 g, 98% yield) by distillation. By the distillation in the presence of the chiral host 6c, enantiomers of raoamine 1 6 were separated almost perfectly. By mixing of 6c and 1 6, (-)-1 6 moves to the chiral host and forms inclusion complex. By heating the mixture in vacuo, the uncomplexed (+)-1 6 distils at relatively low temperature, and the complexed (-)-1 6 distils at relatively hi h temperature. This is the mechanism of the separation of enantiomers by distillation.
This simple resolution method is applicable to various kinds of racemic compounds, such as alcohols, diols, amino alcohols, alkyl hydroxycarboxylates, epoxides, amines. Since chiral host compound is recovered unchanged and can be used again, this resolution method is economical and useful in industry.
separation of isomers which can not be separated by simple fractional distillation because of the same or close boiling point. 
Achiral Molecules Move and Arrange in a Chiral Form in the Solid State
We have reported that irradiation of powdered 2:l inclusion crystals of 6 b and Nallyl-N-benzyl-3-0x0-1 -cyclohexenecarboxamide (1 7 ) which had been prepared by recrystallization of these from ether, in a water suspension which contains alkylsulf te as a surfactant at room temperature for 10 h gave (-)-1 8 of 100% ee in 90% yield.
Similar treatment of 2:l inclusion crystals of 6c and 1 7 prepared by recrystallization from benzene gave (-)-18 of 100% ee in 87% yield.21 Since the photoreaction of 1 7 itself in MeCN gives a mixture of rac-18 and an isomeric photocycloaddition product,25 it is clear that the steric course of the photoreaction is controlled efficiently by the chiral host 6, It is probable that molecules of 1 7 are arranged in a chiral form in the inclusion complex with 6 . Interestingly, however, we found that the same inclusion complex of 6 and 1 7 as that prepared by recrystallization can be obtained just by mixing 6 and 1 7 in the solid state and that photoirradiation of the inclusion crystals obtained by mixing gives optically active photoreaction product. For example, an occasional mixing of powdered 6 b of about 50-100 pm diameter and a half molar amount of oily 1 7 using an agate mortar and pestle for 1 h in order to avoid solidification gave the IR spectroscopically identical 2:l inclusion complex crystal of 6b and 1 7 with that obtained by the recrystallization 94 method. Photoirradiation of the complex in a water suspension for 10 h gave (-)-1 8 of 99% ee in 48% yield. Similar mixing of 6 c and 17 in the absence of solvent for 1 h followed by irradiation for 10 h gave (-)-1 8 of 87% ee in 40% yield. These data clearly show that inclusion crystals of 6 and 1 7 in which achiral molecules of 1 7 are arranged in a chiral form produced just by mixing both components. Such molecular movement in the solid state and arrangement in a chiral form are not special for 1 6 but rather common. For example, mixing of powdered 6 b and an equimolar amount of powdered N-i sopro pyl-N-2-( 1 -oxocyclohex-2-enyl)cyclo hexanecarboxam id e (1 9) fo I lowed by irradiation gave the photocyclization product (-)-20 of 81 YO ee in 37% yield.26 Photoirradiation of 19 in acetone gives rac-2 0 together with an isomeric photocycloaddition product.27 N, N-Dialkylphenylglyoxylamide (2 1) also forms an inclusion complex on mixing with 6 and the achiral molecules of 2 1 are arranged in a chiral form in the inclusion crystal.
Occasional mixing of oily 2 1 a with an equimolar amount of powdered 6b for 1 h followed by irradiation in a water suspension for 10 h gave (-)-2 2 of 78% ee in 54% yield.21
Similar treatments of oily 2 1 b with 6 b or of oily 2 1 d with 6c followed by photoirradiation gave (-)-22b of 87% ee 45% yield) of (-)-22d of 93% ee (39% yield), respectively in the yields indicated. b6
The inclusion complex of 6 a and 2 1 a could not be obtained by recrystallization, although more than 15 organic solvents were tested. In all cases 6 a crystallized out separately. However, when powdered 6 a and oily 2 1 a were mixed for 1 h using an agate mortar and pestle, the mixture solidified to give a 2:l inclusion complex crystal of 6 a and 2 1 a. Photoirradiation of powdered complex crystal in a water suspension gave 2 2 a of 61 Yo ee in 70% yield.
Very interestingly, irradiation of the 1 :1 inclusion complex of 6 c and 2 1 a which had been prepared by mixing both components in the absence of solvent gave (+)-22a of 45% ee in 42% yield, although the same irradiation of the complex prepared by recrystallization of 6c $$d 2 1 a from tolu,ene gave the other enantiomer (-)-22a of 100% ee in 40% yield.
The type of chiral arrangement of 2 1 a molecules varies depending on the conditions of the inclusion complexation experiment.
Chiral arrangement of 2 1 a molecules in an inclusion c stal with (S,S)-(-)-l,6-di(oconditions of the inclusion complexation experiment. Recrystallization of 2 3 and 2 1 a from ether gives a 1 :1 inclusion complex , which upon irradiation affords (-)-22a of 100% ee in quantitative yield.29 However, irradiation of the inclusion crystal prepared by mixing 23 and 2 1 a gave rac-22 a. In the latter crystal, 2 1 a molecules would not be arranged in a chiral form. Interestingly, however, both inclusion crystals are thermally interconvertible. After melting (mp 126-1 27 "C), the former is solidified by cooling to give the latter, but the latter is converted to the former by heating gradually and melts again at 126-1 27 "C. 
